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Abstract.
High-resolution XCTD and XBT observations were conducted to study eddy variability in the Subantarctic Front (SAF) and its possible impact on the properties of the adjacent Subantarctic Mode Water (SAMW) in the region south of Australia. The stations were occupied along cross-frontal transects in February 2004 and in February and March 2002 . Coarse-resolution data from previous WOCE observations were also examined to reveal the water mass properties, including dissolved oxygen (DO). features were detected in the SAF for all high-resolution sections. Fluctuation of the 7
• C isotherm was clearly revealed at a depth of 300-600 m for the σ θ = 26.8-26.9 kg·m −3 density range. Temperature and salinity inversions of a similar spatial scale were also found on the same density surface.
The spatial scale and depth range of the small-scale anomalies could be consistent with those of the baroclinic instability in the top several hundred-meter layer. In the potential temperature-salinity (θ-S) diagram, the small-scale fluctuations constitute cold/fresh intrusions from the warm/saline SAMW curve. The intrusions were found on the θ-S line connecting the deeper SAMW and the shallower Antarctic Surface Water (AASW) of the higher latitudes.
From the WOCE observations, the presence of SAMW with high DO was indicated north of the SAF, as previously reported. Within the SAF, intrusions in the θ-S diagram with relatively high DO were found at around the 7
• C isotherm for 26.8-26.9 kg·m −3 , the same densities for the small-scale anomalies and the high-DO SAMW. Analysis of heat and salt deficit suggests that the small-scale disturbances have a comparable or larger role than those of meso-scale anomalies. These imply that the small-scale anomalies contribute to the cross-frontal water exchange and to the formation of high-DO SAMW. November 29, 2006, 9: 37am D R A F T
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Introduction
The ocean current system in the Southern Hemisphere is characterized by the presence of a strong eastward flow of the Antarctic Circumpolar Current (ACC). The ACC consists of several narrow and persistent fronts, associated with vigorous eddies and meanders (Hofmann, 1985; Orsi et al., 1995) . The eddy activities play an important role in the transport and exchange of mass, heat, and momentum. The eddies transport heat polewards to balance the heat loss in the higher polar regimes (de Szoeke and Levine, 1981) and concentrates momentum to the mean flow (Morrow et al., 1994) . The Subantarctic Front (SAF) is one of the major fronts of the ACC system. In the Indian Ocean sector, the flow path of the SAF shows a general southward displacement (Orsi et al., 1995; Belkin and Gordon, 1996) . Between 40
• and 60
• E , the SAF is merged into the Crozet Front at around 43
• S (Sparrow et al., 1996; Belkin and Gordon, 1996) and is deflected southward towards the east. After passing the Kerguelen Plateau, the SAF is located at 45-48
• S between 90
• and 110
• E and it migrates further southward to 50-53 • S at 140-150 • E
. In this region it has been observed that the SAF split into "double fronts", separated by 3-5
• in latitude (Belkin and Gordon, 1996; Sokolov and Rintoul, 2002) . Progress in satellite instrumentation and the establishment of high-quality hydrographic observations have allowed study of the role of meso-scale (∼100 km) variability of the SAF in detail.
For scales shorter than the meso-scale, however, few systematic observations have been made to identify the characteristics and roles of the SAF.
North of the SAF, Subantarctic Mode Water (SAMW) is located in the Southern Ocean.
SAMW is basically formed by winter deep convection and ventilates the lower thermocline of the subtropical gyres of the Southern Hemisphere (McCartney, 1977 (McCartney, , 1982 (Thompson and Edwards, 1981) . Recent studies using ARGO floats support this transition of the water properties after the Kerguelen Plateau, with cooling, freshening, and densification towards the east (Wong, 2005; Sallée et al., 2006) . In addition to these large-scale property changes, Rintoul and Bullister (1999) 
Data sources
High-resolution XCTD/XBT observations were conducted across the SAF to directly capture its small-scale structure. In addition to the XCTD/XBT observations, previous WOCE CTDs and bottle data were used to examine the SAF and SAMW properties in detail. Here we describe these hydrographic data and other supporting material.
High-resolution XCTD and XBT observations with BEAGLE2003 and
JARE43
High-resolution XCTD and XBT observations were made along two sections (Fig. 1) .
Observation in the western region (near 105 • E ) was conducted as part of the BEA- Tsurumi Seiki XCTD/XBT system was also used in this operation. The XCTD, T-6 (for the southbound leg on 9 February) and T-7 (for the northbound leg on 3 March) XBT probes were used, and an MK-130 digital converter was used to retrieve the data. In the region of intensive observation from 50
• 04' S to 50
• 46' S (southbound) and from
50
• 00' S to 51
• 03' S (northbound), XBTs were deployed at intervals of approximately 2 km. XCTDs were deployed at a 0.5
• interval during the southbound leg and at a 0.25
• interval during the northbound leg. Hence, the interval of the salinity sampling in JARE43 transects was much sparser compared to that in the BEAGLE2003 section. Outside the region of intensive survey, XCTDs were routinely deployed at every 0.5 • in latitude.
XCTD measurements were less accurate compared to CTD observations. According to a direct comparison between XCTD and CTD in this ocean sector, temperature accuracy was estimated to be better than 0.03 • C down to 1000 m, although the estimation was derived with only two probes (Aoki and Sato, 2004 2-dbar CTD data were used for the analysis. The DO data derived from bottle samplings were used to describe the water mass characteristics.
Satellite altimetry
Altimetric observations of the sea surface height were used to investigate the mesoscale background features. AVISO Absolute Dynamic Topography (ADT) and Sea Level Anomaly (SLA) products were used; the ADT is the sum of the mean field derived from a combination of hydrography and GCM, and the SLA field is derived from satellite altimetry (Rio and Hernandez, 2004) . The data are provided on a weekly basis, and the maps nearest to the observation date are shown.
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Small-scale disturbances in the SAF
The high-resolution XCTD/XBT observations can resolve the detailed structure of the SAF in the western and eastern regions south of Australia. Observed small-scale features of the SAF are described here with their background meso-scale structures.
Meso-scale background fields for high-resolution observations
a) The western region near 105
The BEAGLE2003 leg traversed the SAF obliquely at 46 Potential temperature-salinity (θ-S) diagrams exhibit a transition between the cold/fresh regime of higher latitudes and the warm/saline regime of lower latitudes across the SAF and reveal highly variable properties in the core of the SAF (Fig. 8) . At the southern flank of the meander (Fig. 8a) , the temperature-salinity properties in the salinity inversion layer at a depth around 400 m (stations 6-13; cyan, green and red dots) were almost on the line that connects the shallower AASW at the higher latitudes (at 200 m at stations 1-5; blue squares) and the deeper SAMW at the lower latitudes (at 400 m at stations 14-18; black dots). The water in the salinity inversion at 500 m at station 13 (red triangle) formed an intrusion to the cooler/fresher side from the warm/saline line.
The temperature-salinity property in the intrusion was close to that of the 400-m water • S down to a depth of 400 m (Fig. 9a) . Undulation of the 6-7
• C isotherms was clearly revealed from depths of 400 to 100 m; a warm anomaly, inclined equatorward with depth, was detected at 50.3-50.4
• S and a cold anomaly, tilted in the same direction, was identified at 50.2-50.3 • S . There was no observation deeper than 460 m for this section owing to probe length limitations.
The XCTD/XBT temperature profile on 3 March again exhibits a small-scale disturbance (Anomaly J2) of 20-km scale at 50.4-50.6
• S down to 400-500 m (Fig. 9b) . The isotherms revealed a similar disturbance in the range from 6 to 8 
Presence of a high-oxygen variety of SAMW
A thermostad and halostad of the SAMW are located to the north of the SAF, and the presence of SAMW varieties has been reported. To reveal detailed features of these SAMW varieties, the water mass properties near the SAF were examined.
a) The western region (WOCE I8 section)
In December 1994, WOCE I8 observations were conducted along 95
• E . The SAF was located at 43-44
• S , with a meander at 45
• S (Fig. 10) . To the north of the SAF, the SAMW layer of 9.5-11
• C , 34.65-34.9 on the 26.7-26.8 kg·m −3 surface was found down to 300-400 dbar below the seasonal mixed-layer. At station 29, the potential temperature and salinity were slightly lower in the layer at 500-600 dbar than in those above, while the density was relatively homogeneous down to this layer. There was a slight intrusion in the θ-S curve (red triangle) at around 540 dbar, with potential temperature and salinity of 8.5
• C and 34.6 (Fig. 11a) . Immediately poleward at stations 30 and 31 in the SAF, the intrusions were larger and clearer (cyan and green dots), and their depth levels were located at around 400 dbar. The waters of these intrusions were almost of the same density of 26.87 kg·m −3 . In the front and meandering regions from stations 32-36, many intrusions appeared at shallower depths at around 200 dbar (blue squares). The shallow AASW (150-250 dbar) below the seasonal mixed-layer had high DO from 280 to 295 µmol·kg −1 (Fig. 11b) . 1991 (Rintoul and Bullister, 1999 ; typically shown at station 7 in Fig. 12a) . The "intermediate" mode had a potential temperature (salinity) of 9.1 • C (34.66), while that of the warm/saline mode (typically shown at a depth of 0-400 dbar at stations 4-5) was 9.5
• C (34.73) and that of the cold/fresh mode (typically shown at a depth of 0-300 dbar at station 7) was 8.8
• C (34.58) (Fig. 13a) . The DO of the "intermediate" mode was lower by only 5 µmol·kg −1 than that of the cold/fresh mode water, which was thought to be generated by mixing in the winter (Fig. 12a ).
In addition to the section in 1991, relatively high-DO waters were detected for other observations as well. In March 1993, the SAF was centered at 50.5
• S (Fig. 12b) . SAMW of 9.0-9.5
• C was found to the north of the SAF. At station 15 (49.8 • S ), at the equatorward edge of the front, a relatively high-DO layer of 260 µmol·kg −1 was found at 300-600 dbar, opposing the general decreasing trend towards deeper levels (Fig. 12b, right panel) .
The potential temperature (salinity) of the high-DO layer was 8.8
• C (34.6), with slightly cooler and fresher property than the layer above, and the density was 26.85 kg·m ( Fig. 13d) .
In January 1994, the SAF was centered at 50.5
• S , and a cold-core ring was located at 48-49
• S (Phillips and Rintoul, 2000; shown in Fig. 12c ). SAMW of around 9
• C was found to the north of the SAF. At station 22 (49.8
• S ) at the center of the meander, there was an SAMW layer at a depth of 400-600 dbar with DO higher by 5 µmol·kg −1 than the layer above (Fig. 12c, right panel) . The potential temperature and salinity of the high-DO layer were 8.85
• C and 34.62, which were nearly the same as the above central cluster of SAMW (Fig. 13e) . Intrusions to the cold/fresh side were found at station 19 at 520 dbar (magenta triangle). The θ-DO diagram shows that the DO at around 200 dbar at station 24 was 260 µmol·kg −1 and it increased to 290 µmol·kg −1 at the same depth at station 26 (Fig. 13f) . These points were nearly on the line between the SAMW and AASW properties.
Thus, it was confirmed that the subsurface high-DO feature below the well-mixed layer was not fortuitous just north of the SAF. The temperature and salinity of the high-DO SAMW in March 1993 and January 1994 were both near the central cluster of 8.8
• C , 34.63. On the same density range, intrusions of high-DO water were observed to the poleward side of the SAF. The property of the high-DO waters was on the line between the SAMW and the shallower AASW at the higher latitudes.
Discussion
Small-scale anomalies were detected for all three high-resolution XCTD/XBT sections of BEAGLE2003 and JARE43. A high-DO layer was also found at a depth of 400-600 m to the north of the SAF core for the WOCE sections. Here we examine the D R A F T November 29, 2006, 9:37am D R A F T possible relationship between the small-scale disturbances and high-DO SAMW and infer a mechanism for these anomalies.
Consistency of the SAF and SAMW properties with those of previous observations
The SAF in the western region was found near 44-46 • S . This location is consistent with previous studies (Hoffmann, 1985; Nagata et al., 1988; Belkin and Gordon, 1996; Yuan et al., 2004) . The SAF in the eastern region was detected near 50 • S . This latitudinal band corresponded to the northern branch of the SAF (Sokolov and Rintoul, 2002) , which is one of the "double" SAF structures in this sector. The SAF shows a general southward migration from west to east, south of Australia. The overall southward shift of the SAF is consistent with Belkin and Gordon's (1996) study. This migration is probably controlled by the bathymetric feature (conservation of potential vorticity) of the Southeast Indian Ridge (Hofmann, 1985) .
Generally, the SAMW was cooler and fresher in the eastern region than in the western region. The temperature observed was in the range 10-11 Georgi, 1982; Belkin and Gordon, 1996; Sallée et al., 2006) . Thus, the background flow and water mass structures in the 1990s and early 2000s were normal over the observation periods, so significant temporal changes in SAMW formation mechanisms are unlikely.
Small-scale anomalies and high-DO SAMW
The small-scale anomalies showed steeper inclination of isotherms than those of the background meso-scale structure. Fluctuations in the vertical plane could be recognized November 29, 2006, 9: 37am D R A F T as tilting poleward with depth for Anomaly B1 in Fig. 6 and equatorward with depth for Anomalies J1 and J2 in Fig. 9 . These are, however, in the same direction in the frontal coordinate perpendicular to the flow direction. Warm/saline anomalies were found to the "higher" latitudes in the frontal coordinate, while cold/fresh anomalies were detected to the "lower" latitudes. This structure could be consistent with poleward heat and equatorward freshwater transfer, suggesting a possible role in meridional exchange by the small-scale fluctuations. The fact that a similar feature was observed in both western and eastern regions strongly suggests that it is a common structure of the SAF throughout this ocean sector. salinity range were detected. It is most likely that the intrusions in the WOCE observations were parts of the small-scale disturbances that were sampled inadequately on a spatial scale. It was also revealed that the waters in the intrusions were relatively rich in DO. A high-DO mode of SAMW was found on a line of nearly equal density connecting the SAMW and the intrusions, and where the intrusions are absorbed into the homogeneous SAMW. Hence, we propose that the high-DO mode was generated by isopycnal mixing between the SAMW and shallower AASW at the higher latitudes, which was the consequence of the small-scale disturbances in the SAF axis.
Possible mechanism and impact of the small-scale anomalies
The observed small-scale features were on a scale of 10-20 km and centered at a depth of 300-600 m. This spatial scale and depth range could be consistent with those of the baroclinic instability in the top several hundred-meter layer. To test the necessary condition for baroclinic instability, Q y (Gill et al., 1974) was approximately estimated,
given by:
where f and β are the Coriolis parameter and its meridional gradient, and ρ is the density of the mean field. Because there are no mean density data available in this study, the density observation for BEAGLE2003 was used instead. The density field observed was fairly unstable for vertical gradients of higher order, and hence polynomial line-fitting was applied before the vertical gradient of the second term was calculated. Reasonably stable results were obtained for three regimes at 49
• S (south of the SAF), 45.6
• S (in the SAF), and 42
• S (north of the SAF; Fig. 14) . In the SAF, the Q y profile showed large fluctuations, but the profiles away from the front were relatively stable. There were also changes in sign at levels of 400 and 700 m. Phillips and Rintoul (2002) used mooring data across the SAF along SR3 and showed that the condition necessary for baroclinic instability was met in the depth range of 560 m. A simple two-layer model (Phillips, 1954) with an upper layer (σ θ = 26.7 kg·m −3 ) and a lower layer (σ θ =26.9 kg·m −3 ) of 300 m in thickness can give wavelengths of approximately 20 km, which is nearly the same scale as for the observed anomalies. Numerical studies with almost the same setting (0.1 kg·m −3 stratification for basin of 1000 m in depth) revealed variability on a similar scale (Yoshikawa et al., 2001) . Thus, it is suggested that these small-scale features are essentially caused by baroclinic instability in this top layer of several hundreds of meters, although further robust evidence is needed to support this idea.
The adjacent setting of warm/saline and cool/fresh waters may also be favorable for thermohaline interleaving. At some stations north of the SAF, temperature profiles in the SAMW showed a step-like feature on a scale of a few tens of meters. However, the distinct small-scale anomalies had a vertical scale of 100 m, which is slightly greater than the typical scales for interleaving (Ruddick, 1992) . Further analysis is needed to fully assess the influence of thermohaline interleaving.
To estimate the roles and impacts of the small-scale anomalies on meridional heat and freshwater transport, the available heat anomaly (AHA) and available salinity anomaly (ASA) (Joyce et al., 1981; Morrow et al., 2004) on the potential density surface were calculated according to the following formula;
, and
where ρ i is the vertically averaged density (in kg·m −3 ), c p is the specific heat capacity
is the thickness of the density layer within the anomaly (in m),
T σ (r)(S σ (r)) is the vertically averaged temperature (salinity) at radial distance r from the eddy center (in K (no unit)), and T σ (ref ) (S σ (ref ) ) is the vertically averaged temperature (salinity) in the same density layer outside the eddy (in K (no unit)). These estimates were then compared with the results for the meso-scale cold-core rings reported by Morrow et al. (2004) . For the cold intrusion associated with Anomaly B1, we calculated AHA (ASA)
for the density range of 26.5-27.2 kg·m −3 based on the temperature (salinity) deviation from the reference profile (Fig. 15) . The AHA had a value of −2.67 × 10 9 J·m −2 , and the ASA had a value of −133.9kg·m −2 . These values are comparable to those of the meso-scale cold-core rings. If these are integrated within a water column with r of 8 km, the total AHA is then −5.4 × 10 17 J and ASA is −2.7 × 10 10 kg. Owing to the smallness of the anomaly, these values are substantially smaller than those for the cold-core rings (−1.9 × 10 19 J and −8.2 × 10 11 kg, respectively). However, if the small-scale anomalies are ubiquitous around the periphery of the meso-scale meander/eddy and integrated for the whole rim of the anomaly, the total AHA and ASA can be 20-fold greater than those for a single small-scale anomaly and are thus comparable to the values for a cold-core ring.
The small-scale anomalies can also be integrated over the meandering or stable path for the larger domain. About seven of these meso-scale meanders can be located within an interval of 10 • , while only two cold-core rings can be found in the same 10 • longitude between 140
• and 150 • E . Moreover, temporal development of the small-scale anomalies is usually much faster than that of meso-scale phenomena. The typical time-scale of shedding for cold-core rings is annual (Morrow et al., 2004) . If the Eady-Charney time- November 29, 2006, 9: 37am D R A F T scale for growth of baroclinic instability is assumed with a Richardson number of several hundreds, only 2-3 days are needed for its development. Hence, the typical frequency of development would be an order or two greater than that of the meso-scale eddies.
Although there are large uncertainties in these spatial/temporal integrations, it is highly likely that the small-scale disturbances have a much greater role than that of meso-scale anomalies in meridional heat and freshwater exchange.
Summary and conclusions
High-resolution XCTD and XBT observations were conducted to study small-scale eddy variability in the SAF and its possible impact on the properties of the SAMW. Coarseresolution data from previous WOCE observations were also examined to reveal the water mass properties of SAMW varieties.
Small-scale features were clearly detected in the SAF region for all the three high- The high-DO water was not the major SAMW component at least in a volumetric sense.
However, it constitutes the base of the SAMW layer and forms the lower boundary of the SAMW. The relation between the total SAMW thickness and the role of the small-scale anomalies requires further study.
This study suggests a link between the relatively high-DO water beneath the wellmixed SAMW layer and small-scale disturbances in the core of the SAF. However, the high-resolution observations were only made for temperature and salinity, and the structure of oxygen-rich anomalies was not directly resolved. Moreover, observation was restricted to just one section for each opportunity, and the along-front structure and convergence/divergence in the small-scale eddies were not represented. To identify the detailed three-dimensional structure of these small-scale eddies, grid surveys using towed instruments with oxygen sensors are most suitable and will be required for forthcoming observations.
It is suggested that the cross-frontal water mass exchange by small-scale eddies can affect SAMW properties. However, the present GCM does not explicitly resolve eddies of this scale. The Gent and McWilliams (1990) parameterization is usually adopted for representation of baroclinic instability, but is not normally used for this scale range.
Further studies on subgrid-scale parameterization will be needed to thoroughly reproduce the realistic formation process of the mode water in this ocean sector. 
